We investigate hard-thermal-loop (HTL) corrections to the CP -asymmetries in neutrino and, at high temperature, Higgs boson decays in leptogenesis. We pay special attention to the two leptonic quasiparticles that arise at non-zero temperature and find that there are four contributions to the CP -asymmetries, which correspond to the four combinations of the two leptonic quasiparticles in the loop and in the final states. In two additional cases, we approximate the full HTL-lepton propagator with a zero-temperature propagator that employs the thermal lepton mass m ℓ (T ), or the asymptotic thermal lepton mass √ 2 m ℓ (T ). We find that the CPasymmetries in the one-mode approaches differ by up to one order of magnitude from the full two-mode treatment in the interesting temperature regime T ∼ M 1 . The asymmetry in Higgs boson decays turns out to be two orders of magnitude larger than the asymmetry in neutrino decays in the zero-temperature treatment. The effect of HTL corrections on the final lepton asymmetry are investigated in paper II of this series.
Introduction
The matter-antimatter asymmetry of the universe is usually expressed as η ≡ n B − nB n γ 0 = (6.16 ± 0.16) × 10 −10 ,
which has been inferred from the 7-year WMAP cosmic microwave background (CMB) anisotropy data [1] , where n B , nB, and n γ are the number densities of baryons, antibaryons, and photons, and the subscript 0 implies present cosmic time. Leptogenesis [2] is a very attractive model in this context since it simultaneously explains the baryon asymmetry and the smallness of neutrino masses via the seesaw mechanism [3] [4] [5] [6] [7] [8] . We add three heavy right-handed neutrinos N i to the SM, which are assumed to have rather large Majorana masses M i , close to the scale of some possibly underlying grand unified theory (GUT), E GUT ∼ 10 16 GeV. In the early universe, the heavy neutrinos decay into leptons and Higgs bosons and create a lepton asymmetry, which is later on converted to a baryon asymmetry by the anomalous sphaleron processes [9, 10] . The three Sakharov conditions [11] that are necessary for a baryogenesis theory are fulfilled, that is lepton number L and B − L are violated, CP symmetry is violated in the decays and inverse decays and the interactions can be out of equilibrium.
Ever since the development of the theory 25 years ago, the calculations of leptogenesis dynamics have become more refined and many effects and scenarios that have initially been neglected have been considered 3 . Notably the question how the hot and dense medium of SM particles influences leptogenesis dynamics has received increasing attention over the last years [13] [14] [15] [16] [17] [18] [19] [20] . At high temperature, particles show a different behaviour than in vacuum due to their interaction with the medium: they acquire thermal masses, modified dispersion relations and modified helicity properties. All these properties can be summed up by viewing the particles as thermal quasiparticles with different behaviour than their zero-temperature counterparts, much like the large zoo of singleparticle and collective excitations that are known in high density situations in solid-state physics. At high temperature, notably fermions can occur in two distinct states with a positive or negative ratio of helicity over chirality and different dispersion relations than at zero temperature, where these dispersion relations do not break the chiral symmetry as a zero-temperature mass does.
Thermal effects have been considered by references [13] [14] [15] [16] [17] [18] [19] [20] . Notably reference [14] performs an extensive analysis of the effects of thermal masses that arise by resumming propagators using the hard thermal loop (HTL) resummation within thermal field theory (TFT). However, the authors approximated the two fermionic helicity modes with one simplified mode that behaves like a vacuum particle with its zero-temperature mass replaced by a thermal mass 4 . Due to their chiral nature, there are serious consequences to assigning a chirality breaking mass to fermions, hence the effects of abandoning this property should be examined. Moreover, it seems questionable to completely neglect the negative-helicity fermionic state which, according to TFT, will be populated at high temperature. We argue in this study that one should include the effect of the fermionic quasiparticles in leptogenesis calculations, since they behave differently from zero-temperature states with thermal masses, both conceptually and regarding their numerical influence on the CP -asymmetry. We calculate the full hard-thermal-loop (HTL) corrections to the CP -asymmetry in neutrino decays and, at higher temperature, Higgs boson decays, which have four different contributions, reflecting the four possibilities of combining the two helicity modes of the final-state lepton with the two modes of the lepton in the loop. As a comparison, we calculate the asymmetries for an approach where we approximate the lepton modes with ordinary zero-temperature states and modified masses, the thermal mass m ℓ (T ) and the asymptotic mass of the positive-helicity mode, √ 2 m ℓ (T ). This paper is the first part of a two-paper series, where the second part is concerned with solving the Boltzmann equations using HTL-corrected rates and CP -asymmetries [22] . The present work deals with these corrections to the CP -asymmetries and is structured as follows: In section 2, we briefly review the imaginary time formalism of thermal field theory (TFT) and discuss the hard thermal loop (HTL) resummation. In section 3, we review our previous calculation for neutrino decays [23] and present a detailed analysis of the HTL-corrected rate for Higgs boson decays at high temperature. The CP -asymmetry for the different approaches is the main topic of section 4. The CP -asymmetry in the two-mode approach consists of four different contributions due to the two possibilities for the leptons in the loops. We present some useful rules for performing calculations with the fermionic modes and compare the analytical expressions for the CP -asymmetries in different cases. We restrict ourselves to the hierarchical limit where the mass of N 1 is much smaller than the mass of N 2 , that is M 2 ≫ M 1 and assume that the contribution of N 3 to the CP asymmetry is negligible. The temperature dependence of the CP -asymmetry is discussed in detail for the one-mode approach, the two-mode approach and the vacuum case. The differences between the asymmetries and the physical interpretation of certain features of the asymmetries are explained in detail. We summarise the main insights of this work in the conclusions and give an outlook on future work and prospects. In appendix A, we derive frequency sums for the CP -asymmetry contributions. Analytical expressions for the CP -asymmetry are calculated in appendix B, while in appendix C we present analytical expressions for the CP -asymmetry contributions of the two cuts through {N ′ , ℓ ′ } and {N ′ , φ ′ } 5 , which we did not consider in section 4, since we are working in the hierarchical limit. We give an analytical approximation for the CP -asymmetry in Higgs boson decays at high temperature in the one-mode approach in appendix D.
Propagators at Finite Temperature
When going to finite temperature [24] , one has to employ ensemble weighted expectation values of operators rather than the vacuum expectation values, so for an operatorÂ we get 0|Â|0 → Â ρ ≡ tr(ρÂ) .
There are two formalisms for calculating Green's functions at finite temperature, the imaginary time formalism and the real time formalism. Both are equivalent and we employ the imaginary time formalism, where the k 0 -integration is replaced by a sum over discrete energies, the so-called Matsubara frequencies.
Naive perturbation theory at finite temperature can lead to serious conceptual problems, such as infrared divergent [25, 26] and gauge dependent [27, 28] results and results that are not complete to leading order. In order to cure these shortcomings, the hard thermal loop (HTL) resummation technique has been invented [29, 30] . One distinguishes between hard momenta of order T and soft momenta of order gT , where g is the coupling constant of the corresponding theory. In a strict sense, this is only possible in the weak coupling limit where g ≪ 1. If all external momenta are soft, then the bare thermal propagators have to be replaced by resummed propagators. The self-energies that are resummed are the HTL self-energies, for which all internal momenta are hard. For a scalar field with a HTL-self-energy Π, the resummed effective HTL-propagator ∆ * follows from the Dyson-Schwinger equation in figure 1 as
where ∆ is the bare propagator, K the momentum and m 0 the zero-temperature mass of the scalar. The dispersion relation for this effective excitation is given by the pole of the propagator as
so we get an effective mass of m 2 eff = m 2 0 + m 2 S where the thermal mass of the scalar is given by the self-energy, which is proportional to gT , m 2 S = Π ∝ (gT ) 2 . It is possible to neglect the zero-temperature mass if m S ≫ m 0 .
For fermions with negligible or vanishing zero-temperature mass, the general expression for the self-energy in the rest frame of the thermal bath is given by [31] 
The resummed scalar propagator.
where u α = (1, 0, 0, 0) is the four-velocity of the heat bath. The factors a and b are given by
In the HTL limit, the traces are given by [24] 
where the effective thermal fermion mass m F ∝ gT depends on the interaction that gives rise to the fermion self-energy. The resummed fermion propagator is then written as
It is convenient to rewrite this propagator in the helicity-eigenstate representation [32, 33] ,
wherek = k/k, and
This propagator has two poles, the zeros of the two denominators ∆ ± . The poles can be seen as the dispersion relations of single-particle excitations of the fermions that interact with the hot plasma,
We have presented an analytical expression for the two dispersion relations making use of the Lambert W function in reference [23] . The dispersion relations are shown in figure 2. Note that even though the dispersion relations resemble the behaviour of massive particles and ø = m F for zero momentum k, the propagator S * (K) (9) does not break chiral invariance like a conventional mass term. Both the self energy Σ(K) (5) and the propagator S * (K) anticommute with γ 5 . The Dirac spinors that are associated with the pole at k 0 = ø + are eigenstates of the operator (γ 0 −k · γ) and they have a positive ratio of helicity over chirality, = + 1. The spinors associated with k 0 = ø − , on the other hand, are eigenstates of (γ 0 +k · γ) and have a negative helicity-over-chirality ratio, = − 1. At zero temperature, fermions have = + 1. The introduction of a thermal bath gives rise to fermionic modes which have = − 1. These modes have been called plasminos since they are new fermionic excitations of the plasma and have first been noted in references [31, 34] . We can introduce a spectral representation for the two parts of the fermion propagator (10) [35] ,
where the spectral density ρ ± (ø, k) [32, 36] has two contributions, one from the poles,
and one discontinuous part,
where x = ø/k, θ(x) is the heaviside function and Q 0 and Q 1 are Legendre functions of the second kind,
The residues of the quasi-particle poles are given by One can describe the non-standard dispersion relations ø ± by momentum-dependent effective masses m ± (k) which are given by
These masses are shown in figure 3 . Considering gauge theories, one might also have to use HTL-corrected effective vertices that are related to the propagators by Ward identities [24] . We do not consider these vertices since we are only looking at Yukawa vertices. In the HTL framework, it is sufficient to use bare propagators if at least one of the external legs is hard. However, it is always possible to resum self-energies and thus capture effects which arise from higher-order loop diagrams and take into account the appearance of thermal masses and modified dispersion relations in a medium. In fact, since the effective masses we encounter do typically not satisfy the condition m eff ≪ T but are rather in the range m eff /T ∼ 0.1 -1, the effect of resummed propagators is noticeable even when some or all external momenta are hard. In summary, we always resum the propagators of particles that are in equilibrium with the thermal bath, which are the Higgs bosons and the leptons in our case, in order to capture the effects of thermal masses, modified dispersion relation and modified helicity structures. This approach is justified a posteriori by the sizeable corrections it reveals, similar to the treatment of meson correlation fuctions in reference [37] .
In leptogenesis, the leptons and Higgs bosons acquire thermal masses that have been calculated in references [31, 34, 38, 39] and are given by
The couplings denote the SU(2) coupling g 2 , the U(1) coupling g Y , the top Yukawa coupling y t and the Higgs self-coupling λ, where we assume a Higgs mass of about 115 GeV. The other Yukawa couplings can be neglected since they are much smaller than unity and the remaining couplings are renormalised at the first Matsubara mode, 2πT , as explained in reference [14] and in reference [40] in more detail. The zero-temperature Higgs boson mass is negligible compared to the thermal mass and the SM fermions do not acquire a zero-temperature mass since the temperature is above the electroweak symmetry breaking scale. The heavy neutrinos N 1 do acquire a thermal mass, but since the Yukawa couplings are much smaller than unity, this effective mass can be neglected compared to the zero-temperature mass.
Neutrino and Higgs Boson Decays
In leptogenesis, we add three heavy right-handed neutrinos N i to the SM, which are assumed to have large Majorana masses M i close to the GUT scale, E GUT ∼ 10 16 GeV. The additional terms in the Lagrangian are
where the Higgs doublet φ is normalised such that its vacuum expectation value (vev) in
is v ≃ 174 GeV and l iα is the Yukawa coupling connecting the Higgs doublet, the lepton doublet and the heavy neutrino singlet. The indices a and b denote doublet indices and ǫ ab is the twodimensional total antisymmetric tensor that ensures antisymmetric SU (2)-contraction. We have discussed the HTL corrections to neutrino decays N 1 → HL in detail in reference [23] . When the temperature is so high that m φ > M 1 , the neutrino decay is kinematically forbidden in the HTL-approximation 6 , but the decay of Higgs bosons into neutrinos and leptons becomes possible 7 . The rate for the Higgs boson decays can be calculated in the same way as the rate for the neutrino decays, by cutting the N 1 -self-energy with resummed lepton and Higgs boson propagators in figure 4 . According to finite-temperature cutting rules [41, 42] , the interaction rate reads
6 It has been shown in reference [16] , that the decay is still allowed if one considers the effect of collinear external momenta.
7 The lepton decay is not possible, since m φ > m ℓ for all temperatures At finite temperature, the self-energy for a neutrino with momentum P is given by the Matsubara sum
where S * and D * are the HTL-resummed lepton and Higgs boson propagators in equations (3) and (9), P L and P R are the projection operators on left-and right-handed states, K is the lepton momentum and Q = P −K the Higgs boson momentum. We have summed over the two components of the lepton and Higgs doublets, over particles and antiparticles and the three lepton flavours, so we are looking at the processes H ↔ N 1 L, where the notation H and L indicates that we are considering both φ, ℓ andφ,l.
Since the leptonic quasi-particles are the final states, we are only interested in the pole contribution of the lepton propagator and we get for the Matsubara sum [23] 
where The four terms in equation (23) correspond to the processes with the energy relations indicated in the denominator, i.e. the decay N 1 → HL, the production N 1 H → L, the production N 1 L → H and the production of N 1 LH from the vacuum, as well as the four inverse reactions [41] . We are only interested in the process H ↔ N 1 L, where the decay and inverse decay are illustrated by the statistical factors
The decay is weighted by the factor f φ (1 − f ℓ ) for absorption of a Higgs boson from the thermal bath and induced emission a lepton, while the inverse decay is weighted by the factor (1 + f φ )f ℓ for induced emission of a Higgs boson and absorption of a lepton from the thermal bath. Our term reads
where h = ±1 denotes the helicity-over-chirality ratio of the final-state leptons. The angle η between the final-state neutrino and lepton is given by 8
where
In order to clarify the momentum relations, we revert the direction of the three-momenta q → −q and p → −p so that they correspond to the physical momenta of the incoming Higgs boson and outgoing neutrino. The matrix element can then be derived as
where we have introduced a chirally invariant four-momentum K µ h = Z h ø h (1, hk) for the lepton. This matrix element looks the same as the matrix element for neutrino decays in reference [23] , since the momentum flip p → −p compensates the helicity flip h → −h and
is the residue of the modes and the angle for the reverted physical momenta reads
We have derived the matrix element for the Higgs boson decays starting from the neutrino self-energy since the neutrino spinors are not affected by thermal corrections, so we could extract the matrix element from the expression for the neutrino interaction rate in equation (21) . It is also possible to derive the matrix element from the Higgs boson self energy, even though the Higgs bosons are affected by thermal corrections, but their external states are the same as the vacuum states since the thermal propagator in equation (3) has the same structure as the vacuum propagator with a different effective mass.
For leptons, the situation is different, because the structure of the HTL-propagator in equation (9) is structurally different from the vacuum propagator. This means that the external spinors will have a different structure due to the modified helicity properties of the HTL propagator. We derive important properties of the effective lepton spinors in section 4.1.
Integrating over all neutrino momenta p, the decay densities for neutrino and Higgs boson decay are given by γ(N → HL) = dp N dp H dp L (2π)
and γ(H → N L) = dp N dp H dp L (2π)
where dp = d 3 p/[(2π) 3 2E] and the matrix element is defined given by equation (28) .
In figure 5 , we compare our consistent HTL calculation to the one-mode approximation adopted by reference [14] , while we add quantum-statistical distribution functions to their calculation, which equals the approach of using an approximated lepton propagator 1/( / K − m ℓ ) [43] . We have shown the decay density for the Higgs boson decays in reference [44] , but present a much more detailed analysis in this work. In addition, we show the one-mode approach for the asymptotic mass √ 2 m ℓ .
10 GeV ; Also the T = 0 rate γ 0 and our two modes γ ± . The temperature thresholds are explained in the text.
We evaluate the decay rates for M 1 = 10 10 GeV and normalise the rates by the effective neutrino mass m 1 = (l † l) 11 v 2 /M 1 , where v = 174 GeV is the vacuum expectation value of the Higgs field. This effective mass is often taken as m 1 = 0.06 eV, inspired by the mass scale of the atmospheric mass splitting.
In the one-mode approach, the decay is forbidden when the thermal masses of Higgs boson and lepton become larger than the neutrino mass,
Considering two modes, the kinematics exhibit a more interesting behavior. For the plus-mode, the phase space is reduced due to the larger quasi-mass, and at M 1 = √ 2 m ℓ + m φ , the decay is only possible into leptons with small momenta, thus the rate drops dramatically. The decay into the negative, quasi-massless mode is suppressed since its residue is much smaller than the one of the plus-mode. However, the decay is possible up to M 1 = m φ . Due to the various effects, the two-mode rate differs from the one-mode approach by more than one order of magnitude in the interesting temperature regime of z = T /M 1 1. The √ 2 m ℓ -calculation is a better approximation to the plus-mode, but still overestimates the rate, which is due to the different structure of the matrix elements in the one-mode and the two-mode approach, that is the helicity structure of the quasiparticles. The residue also reduces the plus-rate, but the effect is smaller since Z + is usually close to one.
At higher temperatures, when m φ > M 1 + m ± (k), the Higgs can decay into neutrino and lepton modes and this process acts as a production mechanism for neutrinos [14] . The decay φ → N ℓ − is possible when m φ > M 1 , while the decay into ℓ + is possible when m φ > M 1 + m ℓ . As for low temperature, the rate γ + is unsuppressed only when m φ > M 1 + √ 2 m ℓ . Our decay density approaches the decay density of reference [14] at high temperatures, but is about a factor two below. This can be explained by the fact that the phase space is smaller due to the larger mass of the lepton, m ℓ < m h (k) < √ 2 m ℓ . Again, the asymptotic mass calculation is a better approximation but still gives a larger rate due to the matrix element and, to less extent, the residue. We see that the decay rate rises as ∼ T 4 , instead of ∼ T 2 as for the vacuum rate γ 0 . In the vacuum calculation, the squared matrix element is proportional to M 2 1 . In the finite temperature calculation, it is proportional to Σ φ = m 2 φ − m 2 h (k) − M 2 1 , so the dominant contribution is proportional to m 2 φ ∼ T 2 and the rate rises by a factor T 2 faster than the vacuum rate γ 0 .
Summarising, we can distinguish five different thresholds for the thermal decay rates we discussed. Going from low temperature to high temperature, these are given by the following conditions:
4 CP -Asymmetries
Defining CP -asymmetries at finite temperature
Let us turn to calculating the CP -asymmetry in N 1 decays. We denote the decaying N 1 by N and the N 2 in the loop by N ′ and we assume that the contribution of N 3 to the CP asymmetry is negligible. At T = 0, the CP -asymmetry is defined as
where Γ are the decay rates of the heavy N s into Higgs boson and lepton doublet and their CP -conjugated processes. At finite temperature, we have to calculate the CP -asymmetry via the integrated decay rates,
where we define the CP -asymmetry for each lepton mode, denoted by h. We have
where f N is the distribution function of the neutrinos and P µ N the neutrino momentum. In the zero-temperature approximation, we write
where M 1 and p 0 are the mass and the energy of the neutrino and Γ rf is the decay rate in the rest frame of the neutrino. The integration over the momentum cancels out and the CP asymmetry via γ is the same as via Γ. At finite temperature, however, the thermal bath breaks Lorentz invariance and the preferred frame of reference for calculations is the rest frame of the thermal bath. The momentum dependence of the decay rate cannot be formulated as in equation (37) and the CP -asymmetry as defined in equation (34) is momentum dependent, therefore the definition in equation (35) is the appropriate one. The CP asymmetry in equilibrium can be written as
where Γ Dh = Γ(N → ℓ h φ) andΓ Dh = Γ(N →l hφ ) are the decay rate and the CP -conjugated decay rate. The decay density is written as
is the statistical factor for the decay, with Bose-enhancement and Fermi-blocking. In the denominator of the CP -asymmetry, it is sufficient to take the tree-level matrix element, M tree
The CP -asymmetry arises as the interference between tree-level and one-loop diagrams in the decay, so we write M = M 0 + M 1 , where M 0 is the tree-level amplitude and M 1 the sum of all one-loop amplitudes. The matrix elements can be decomposed as M i = λ i I i such that the CP -conjugated matrix element is M i = λ * i I i . Here, λ i includes the couplings and I i accounts for the kinematics. Thus,
where λ CP = λ 0 λ * 1 and I CP = I 0 I * 1 .
The vertex contribution
Calculating the imaginary part of the kinematic term ImI CP amounts to calculating the imaginary part of the one-loop diagram since the tree-level diagram is real. There are two one-loop diagrams for the neutrino decay, the vertex diagram and the self-energy diagram. The vertex diagram is shown in figure 6 , along with the momentum assignments. The coupling is where g SU (2) = 2 denotes the sum over the Higgs and lepton doublets, j = 1 is the decaying neutrino family, k = 2 is the family of the neutrino in the loop and we have summed over all fermion spins and the lepton families, both external and in the loop. Moreover,
where p ′ , q ′ and k ′ are the neutrino, Higgs boson and lepton momentum in the loop, ∆ N ′ = (P ′2 − M 2 2 ) −1 is the denominator of the loop neutrino propagator, ∆ φ ′ accordingly for the loop Higgs, S ℓ ′ is the loop lepton propagator and u N and u ℓ are the external neutrino and lepton spinors.
The external fermions are thermal quasiparticles and can be written as spinors u ± ℓ [24] which are eigenstates of (γ 0 ∓k · γ) and have modified dispersion relations. We have shown in reference [23 
where s denotes the spin of the neutrino. We can also write the matrix element as
From equations (45) and (46) we derive a rule for multiplying the spinors of the lepton states,
is the quasiparticle residuum. For the antiparticle spinors v, we replace K by −K and get
The HTL lepton propagator is given in equations (9) and (10) and the Higgs boson propagator in equation (3) . At finite temperature, we sum over the Matsubara modes,
since we are integrating over a fermion momentum. The spin and helicity sum are evaluated as
where h and h ′ are the ratios of helicity over chirality for the external and the loop lepton. The integral reads
The frequency sum is calculated in detail in appendix A.2. We are only interested in the contribution from the pole part of the lepton propagator and the explicit expression is
where the factors B N/φ and A ℓ are given by 
The self-energy contribution
For the self-energy contribution, the integral I S = I V is the same as for the vertex contribution, only the momentum relations are different (cf. figure 7) . The left diagram does not give a contribution since the combination of couplings, |(λ † λ) jk | 2 , does not have an imaginary part. In order to carry out the Matsubara sum, we use the Saclay-representation for the propagators. For the Higgs propagator it is given by
where ω q ′ = q ′2 + m 2 φ is the on-shell Higgs energy with the thermal Higgs mass m φ and f φ ′ is the Bose-Einstein distribution for the Higgs bosons with energy ω q ′ . For the lepton propagator the Saclay representation is given by equations (94) and (95). The neutrino propagator simply reads
since the internal neutrino momentum P ′ is the same as the external neutrino momentum P . As usual, we can write p 0 = i (2m + 1)πT as Matsubara frequency and later on continue it analytically to real values of p 0 . In particular e p 0 β = −1. We can calculate the frequency sum directly,
and get
Alternatively, we can use equation (99) and write
Both calculations lead to
The cuts through the vertex contribution at finite temperature. The cuts are closed to form circles and the line that denotes the decaying particle in the corresponding 1 → 2 process is indicated by a blob.
Imaginary parts
The terms B ψ N/φ and A ψ ℓ in the vertex contribution in equation (114) correspond to the three vertices where the denominator fulfills certain momentum relations when set to zero: the B Nterms correspond to the vertex with an incoming N 1 and {ℓ ′ , φ ′ } in the loop, the B φ -terms to the vertex with an outgoing φ and {N 2 , ℓ ′ } in the loop, and the A ℓ -terms to the vertex with an outgoing ℓ and {N 2 , φ ′ } in the loop. As an example, the term
corresponds to the incoming neutrino decaying into the lepton and Higgs boson in the loop. Thus, the terms correspond to cuttings through the two loop lines adjacent to the vertex, however, a correspondence with the circlings of the RTF [21, 24] is not obvious. Among these cuts, only the ones which correspond to a N 1 or N 2 decaying into a Higgs boson and a lepton are kinematically possible at the temperatures where neutrino decay is allowed, that is where M 1 < m φ . These terms are B N N , A N ′ ℓ and B N ′ φ .
Regarding the N 2 cuts
The diagrams develop an imaginary part when one of the denominators of the relevant terms B N N , A N ′ ℓ and B N ′ φ vanishes. The contributions from these denominators, N N N , N N ′ ℓ and N N ′ φ , correspond to the three possible cuts shown in figure 8 . The contribution from N N N is the only possible cut at zero temperature. At finite temperature, the other two cuts correspond to exchanging energy with the heat bath. When choosing the imaginary parts corresponding to these two cuts, the loop momentum K ′ is of the order of M 2 . Since we assume a strong hierarchy M 2 ≫ M 1 , the thermal factors f φ ′ , f ℓ ′ and f N ′ are suppressed by the large loop momentum and the contributions become very small. In fact, they turn out to be numerically irrelevant in the hierarchical limit. The physical interpretation of this is as follows: Consider for example the cut through {ℓ ′ , N 2 }, which is given by a vanishing denominator N N ′ φ . The corresponding thermal weighting factor is the numerator
It corresponds to two processes: absorption of a neutrino from the thermal bath and induced emission of a lepton, or absorption of a lepton and induced emission of a neutrino. The phase space distribution of the N 2 s in the bath is suppressed due to their large mass and also the distribution of ℓs that have momenta large enough to fulfill momentum conservation in the process is suppressed, so the process is suppressed. Therefore, the thermal factors suppress the contribution from the N 2 -cuts. Only when we have degenerate masses M 2 M 1 , these cuts will give a contribution similar to the one from N N N . In this case 9 , the energy and temperature scales that correspond to N 1 and N 2 processes are not clearly separated and one has to account for the possibility of an asymmetry creation by N 2 as well. Implications of these cuts were discussed in reference [20] . We do not consider the influence of this cuts, since we are working in the hierarchical limit, but we present the analytical expression in appendix C.
Vertex cut through {ℓ ′ , φ ′ } The imaginary part from N N N , which implies cutting through the lepton and Higgs boson in the loop, is the only cut that is also possible at zero temperature and the only vertex cut that contributes in the hierarchical limit 10 . We denote the angle between p and k ′ with η ′ ,
Then
where the angle is
and
We get
Note that there is a mass range for M2 where we have a contribution from the N2 cuts but no resonant enhancement by the self-energy contribution, which becomes relevant when ∆M ≡ M2 − M1 ≪ M1. This mass range is at ∆M ∼ M1 ≫ Γ 10 The corresponding CP -asymmetry has been calculated in reference [14] , but with a thermal factor 1
For details, see reference [21] .
It is sufficient to perform the integration over φ ′ from 0 to π since cos φ ′ in H − is the only quantity that depends on φ ′ .
We note that we can write
where ∆ V N N ′ can be viewed as the propagator of the internal neutrino, since we can interprete the contribution we are looking at as putting the internal Higgs boson on-shell and thus we have
The analytic expression for the CP -asymmetry as defined in equation (35) is worked out in appendix B.1 and given by
where g c = 2 indicates that we sum over N → φℓ and N →φl and
is the statistical factor for the decay.
Self-energy cut
For the self-energy diagram, only N N N contributes. Taking η ′ as the angle between p and k ′ , we get
Comparing this expression with the contribution from N N in equation (69), we see that calculating the self-energy contribution amounts to replacing
so the self-energy contribution is twice as large as the vertex contribution, ǫ S ≈ 2 ǫ V , where the factor two comes from the fact that we have two possibilities for the components of the SU (2) doublets in the loop of the self-energy diagram. This resembles the situation in vacuum. The analytic expression for the CP -asymmetry is worked out in appendix B.2 and given by
Symmetry under lepton-mode exchange
We can use equation (40) and collect all factors that depend on k and k ′ , where we have suppressed the indices for helicity-over-chirality ratios h and h ′ . The internal neutrino momentum p = k + k ′ − p ′ is symmetric under a replacement of k and k ′ and likewise the difference ω − ω q ′ = ω + ω ′ − p 0 . The Higgs boson momenta q = p − k and q ′ = p − k ′ are also exchanged when we exchange k and k ′ . Thus, the CP -asymmetry for the vertex contribution is symmetric under an exchange of the internal and the external lepton. This can be understood as follows: Taking the imaginary part of M 0 M * 1 by putting the internal lepton and Higgs boson on-shell corresponds to calculating the product of the amplitudes of two decays and one ∆L = 2 scattering with a neutrino in the u-channel, as shown in figure 9 . It can easily be checked that this symmetry also holds for the self-energy diagram, where the corresponding ∆L = 2 scattering has a neutrino in the s-channel.
The CP -asymmetry at high temperature
At high temperature, where we have the decays of Higgs bosons, the CP -asymmetry on amplitude level is defined as
The external momenta are now related as q 0 = p 0 + k 0 . The momentum assignments are shown in figure 10 . We take q and p as the three-momenta of the initial-state Higgs boson and the finalstate neutrino as in section 3, this way we can directly use the results from the CP -asymmetry in neutrino decays. The matrix elements are the same as for the low temperature case, so M(φ → Nl h ) corresponds to M(N →φl h ), just the energy relations are different. The self-energy contribution from the external neutrino line is the only CP -asymmetric self-energy, the other self energies do not exhibit an imaginary part in the combination of the couplings. The couplings read
The vertex and the self-energy contribution for the φ decay.
The integrals for the vertex and the self-energy contribution are
where we remember that
2 ) for the self-energy graph. The frequency sum for the vertex diagram reads
Since we have M 2 ≫ M 1 , we also have M 2 ≫ m φ in the relevant temperature range, so the possible contributions are from N φ ′ N , N N ′ ℓ and N N ′ φ 11 . Again, the N 2 cuts can be neglected because they are kinematically suppressed. When taking the discontinuity of the diagrams, we get for the angle between p and k ′ ,
so we arrive at where we can write
Contrary to the CP -asymmetry in neutrino decays, this expression can not strictly be seen as the propagator of the neutrino since the contribution does not correspond to a zero temperature cut but is a pure thermal effect induced by the presence of leptons and Higgs bosons in the thermal bath. This is illustrated by the factor Z
, which describes the absorption of a Higgs boson and the stimulated emission of a lepton and the opposite process, the absorption of a lepton and the stimulated emission of a Higgs boson. Compared to low temperature, we have replaced
N . For the self-energy diagram, the frequency sum is given by
after taking the discontinuity, the CP -asymmetry reads
Compared to low temperature, we have replaced
so the relation ǫ S ≈ 2ǫ V also holds for the Higgs boson decays. Using f φ (1 − f ℓ ) = (f φ + f ℓ )f N , the terms that depend on the lepton momenta k and k ′ are
where now p ′ = k + k ′ + p and ω + ω q ′ = ω + ω ′ + p 0 , so the CP -asymmetry in Higgs boson decays is symmetric under exchanging the internal and external lepton as well.
One-mode approach
We also calculate the CP -asymmetry within the one-mode approach where we treat the thermal mass like a kinematical mass and use lepton propagators (/ k−m ℓ ) −1 or (/ k− √ 2 m ℓ ) −1 as in section 3. The spin sum corresponding to equation (52) then reads
In the frequency sums in equations (102) and (62), we replace∆ pole sh ′ by the usual decomposition ∆ s,ℓ ′ , which means replacing Z sh ′ by −s/(2ω ′ ) on the right-hand sides. One can check that in the final expression for the CP -asymmetry, this amounts to replacing the sum of the helicity contributions
This means that in the two mode treatment, it is forbidden for the external and internal lepton to be scattered strictly in the same direction if they have the same helicity or in the opposite direction if they have opposite helicity. For the one-mode approximation this is not the case since ω k ω k ′ is always larger than kk ′ . This result illustrates that the leptonic quasiparticles still behave as if they are massless in terms of the helicity structure of their interactions, while the one-mode approach is not able to describe this behaviour.
For the CP -asymmetries in the decay densities we get
We can examine the high temperature behaviour of the one-mode approach by calculating the CP -asymmetry in the matrix elements of a Higgs boson at rest, where we assume that M 1 , m ℓ ≪ m φ ≪ M 2 . The algebra is worked out in appendix D. The result reads
where ǫ 0 is the CP -asymmetry in vacuum and g φ = m φ /T . Assuming that g φ ≪ 1, we get
Taking g φ = m φ /T ≈ 0.42 for T = 10 12 GeV and using the more accurate term in equation (92), we get ǫ/ǫ 0 ≈ 70, while we get ǫ/ǫ 0 ≈ 90 for equation (93). We view this result as a rough approximation of the value of the CP -asymmetry in Higgs boson decays at high temperature. Both our approximation and the numerical solution of the exact expression in the next section give a factor of 100 difference to the CP -asymmetry in vacuum.
Temperature dependence of the CP -asymmetries
We show the temperature dependence of the CP -asymmetries in neutrino decays in the full HTL calculation and in the one-mode approach for m ℓ and √ 2 m ℓ in figure 11 . We choose M 1 = 10 10 GeV Figure 11: The CP -asymmetries in neutrino decays normalised by the CP -asymmetry in vacuum and the total decay density in vacuum, ∆γ/(γ tot 0 ǫ 0 ). We choose M 1 = 10 10 GeV and M 2 ≫ M 1 . The term ∆γ h 1 h 2 denotes the difference between the decay rate and its CP conjugated rate, which is proportional to the CP -asymmetry. Here, h 1 denotes the mode of the external lepton, while h 2 denotes the mode of the lepton in the loop. For example, ∆γ +− = γ(N → φℓ + ) − γ(N →φl + ), where a minus-mode lepton is present in the loop. ∆γ m ℓ and ∆γ √ 2 m ℓ denote the rate differences for the one-mode approach with a thermal mass m ℓ and an asymptotic thermal mass √ 2 m ℓ .
and normalise the asymmetries by the product of the CP -asymmetry at zero temperature and the total decay density in vacuum, ǫ 0 γ tot 0 . As discussed in sections 4.4 and 4.5, the vertex contribution and the self-energy contribution have the same temperature dependence for M 2 ≫ M 1 . Moreover, as discussed in sections 4.4 and 4.5, the asymmetries are the same when we exchange the internal and the external lepton, therefore the asymmetry for a plus-mode external lepton combined with a minus-mode internal lepton is the same as the asymmetry for a minus-mode external lepton with a plus-mode internal lepton, in short, ∆γ +− = ∆γ −+ . We see that generally, the thresholds are the ones we expect from our analysis of the decay rates in section 3. For the one-mode calculations we have the expected thresholds at T N 0 for m ℓ and at T N + for √ 2 m ℓ . For all asymmetries where a plusmode lepton is involved, that is ∆γ ++ , ∆γ +− and ∆γ −+ , the phase space is reduced similar to the √ 2 m ℓ case below T N + and an additional reduction of the phase space sets in between T N + and T N 0 since large momenta k or k ′ that correspond to a large mass m(k) become kinematically forbidden. Between these two thresholds, T N + and T N 0 , the asymmetry for ∆γ +−/−+ becomes larger than the asymmetry for ∆γ ++ . This effect occurs because in the (++)-asymmetry the phase spaces of both the internal and the external lepton are suppressed, while for the mixed modes, (+−) or (−+), only the phase space of one momentum is suppressed, while the phase space of the other momentum is still large. The effect is similar to the observation that γ − becomes larger than γ + above T N + . Relying solely on phase-space arguments, one would expect that ∆γ √ 2 m ℓ is a good approximation for ∆γ ++ . The fact that ∆γ ++ is clearly smaller than ∆γ √ 2 m ℓ is due to two suppressing factors: One factor is the effect of the two residues Z h (k) and Z h ′ (k ′ ), which suppress the rate somewhat for small momenta k and k ′ . The other, more important factor is the fact that the helicity structure and angular dependence of the integrals are different for the (++)-and the √ 2 m ℓ -case as explained in section 4.6. Since neutrino momenta are of the order ∼ M 1 ∼ T for our temperature range, the lepton momenta will be of the same order, that is k > m ℓ , and the leptons and Higgs bosons will preferentially be scattered forward. Thus also the angle ξ between the two leptons will be small and the factor H − defined in equation (106) is suppressed, while the corresponding one-mode factor 1 − ξ(kk ′ )/(ω k ω k ′ ) is larger than H − for small angles and still finite if both leptons are scattered strictly in the same direction, that is ξ = 1. We have checked numerically that this is the main reason why ∆γ √ 2 m ℓ > ∆γ ++ in the range 1/2 M 1 T T N + . Since the CP -asymmetries follow the corresponding finite-temperature decay rates that are shown in figure 5 , it is very instructive to normalise them via these decay rates, that is γ + , γ − , γ m ℓ and γ √ 2 m ℓ . This also gives a more intuitive definition of the CP -asymmetries at finite temperature. These asymmetries are shown in figure 12 , normalised by the zero temperature CP -asymmetry. Compared to the normalisation via γ 0 in figure 11 , we see that the (++)-asymmetry does not fall as steeply as the corresponding decay rate γ + between T N + and T N 0 , so the ratio ∆γ ++ /γ + is dented at the threshold T N + . This illustrates that the (++)-CP -asymmetry shows a stronger suppression below the threshold T N + , since it suffers from two phase space reductions and two residues that are smaller than one. Therefore, the (++)-asymmetry is not affected as strongly as γ + by the additional suppression above T N + when large momenta k and k ′ are forbidden and the transition over this threshold is smoother than for the decay rate γ + . So γ + falls more steeply than ∆γ ++ above the threshold and the ratio of the two rates has a dent at T N + . For the (+−)-asymmetry, this effect is even stronger, since it is less suppressed than the (++)-asymmetry above T N + , so the ratio ∆γ +− /(ǫ 0 γ − ) rises up to a value of O(0.1).
The CP -asymmetries in Higgs boson decays at high temperature are shown in figure 13 , normalised to ǫ 0 γ tot and we have assumed that M 2 ≫ M 1 , T . The behaviour is similar to the neutrino decays, where the (−−)-asymmetry is strongly suppressed, while the (+−)-, the (−+)-and the (++)-asymmetries have a strict threshold at T We also normalise the asymmetries to the corresponding decay rates in figure 14 and find that they all approach a constant value at high temperature, as is expected since the decay rates also rise as T 4 . The dents in the ratios ∆γ ++ /(ǫ 0 γ + ) and ∆γ +− /(ǫ 0 γ + ) with an external plus-mode lepton are similar to the ones for the neutrino decays and due to the very strong suppression of γ + below the threshold T Figure 12: The CP -asymmetries in neutrino decays normalised by the CP -asymmetry in vacuum and the corresponding total decay density at finite temperature, that is ∆γ ++ /(γ tot
, where the CP asymmetries ∆γ are explained in figure 11 . We choose M 1 = 10 10 GeV and M 2 ≫ M 1 .
settle at a rather high CP -asymmetry, two orders of magnitude higher than at zero temperature, as we expect from our approximate calculation for a Higgs boson at rest in section 4.6. This is partly due to a suppression of |M| 2 which rises as m 2 φ = g 2 φ T 2 , but mainly due to the larger difference in matrix elements ∆|M| 2 for Higgs boson decays.
Conclusions
We have performed an extensive analysis of the effects of HTL corrections on CP -asymmetries in neutrino and Higgs boson decays. This implies capturing the effects of thermal masses, modified dispersion relations and modified helicity structures. We put special emphasis on the influence of the two fermionic quasiparticles, which show a different behaviour than particles in vacuum, notably through their dispersion relations, but also the helicity structure of their interactions. Our work is thus similar to the work done in reference [14] , where the authors of the latter work did not include the effects of fermionic quasiparticles and get a different result for the CP -asymmetries, which are crucial for the evolution of the lepton asymmetry. We also approximate the lepton propagators by zero temperature propagators with the zero temperature mass replaced by the thermal lepton mass or the asymptotic mass. We refer to these cases as one-mode approach and compare the thermal cases to the zero-temperature case.
We have calculated HTL corrections to neutrino decays in reference [23] and shortly presented the Higgs decay rate at high temperature in reference [44] , while we analyse this decay in detail in section 3. While the zero-temperature fermion mass vanishes in the unbroken electroweak phase, the resummation of HTL fermion self-energies results in an effective fermion propagator that does not break chiral invariance and is split up in two helicity modes. The external fermion states therefore behave conceptually different from the ones with chirality-breaking thermal masses that have been inserted in the kinematics by hand. Moreover, one has to take care of one additional mode, which has implications for the Boltzmann equations [22] . We calculated the CP -asymmetries in section 4. To our knowledge, this is the first calculation of a CP -asymmetry in leptogenesis that includes HTL-corrections and takes into account corrected thermal distributions for the particles in the loop. 13 We present rules for the product of spinors that are related to the fermionic quasiparticles in equations (49) and (47) and derive frequency sums for the HTL fermion propagator in equation (99). We find four different CP -asymmetries corresponding to the four different choices of lepton modes both in the loop and as external states. We find the CP -asymmetry to be symmetric under an exchange of the lepton mode in the loop and the external lepton mode, such that ∆γ +− = ∆γ −+ . At finite temperature, there are three possible cuttings for the vertex contribution, the {ℓ ′ , φ ′ }-cut that corresponds to zero temperature and two additional cuts involving the internal N 2 , namely through {N 2 , ℓ ′ } and {N ′ , φ ′ }, which have been found by references [14, 19, 45] and examined more closely in reference [20] , using the real-time formalism. We obtain the same cuts using the imaginary time formalism and concentrate on the {ℓ ′ , φ ′ }-cut, assuming the hierarchical limit of M 2 ≫ M 1 . As expected from the zerotemperature result, we find the vertex contribution proportional to the self-energy contribution in this limit. Contrary to reference [14] , we find that the CP -asymmetry in Higgs boson decays is larger than the asymmetry in neutrino decays by about a factor of 100 if appropriately normalised. This is due to a suppression of the Higgs boson decay rate and a thermal enhancement of the CP -asymmetry by the distribution functions of the Higgs bosons and leptons. We compare the CP -asymmetries in the two-mode approach to the CP -asymmetries in the one-mode approach. We find that for the two-mode approach, the helicity structure of the modes prohibits the two leptons to be scattered strictly in the same direction while for the one-mode approach, this direction is only mildly suppressed. Notably this fact is responsible for suppressing the (++)-CP -asymmetry compared to the asymmetries of the one-mode approach, as well as the residues of the plus-modes to less extent.
Summarising, we argue that for an accurate description of medium effects on leptogenesis, the influence of thermal quasiparticles, notably the effects of the two fermionic modes, cannot be neglected. The corresponding CP -asymmetries show a considerable deviation from the one-mode asymmetries in the interesting temperature regime T ∼ M 1 . Moreover, the presence of a new minus-mode that essentially does not interact with the SM turns out to have implications for the lepton asymmetry even in the strong washout regime, as we found in an additional study [22] . 13 Reference [14] has a calculation for the CP -asymmetry of the neutrino and Higgs decays with HTL corrections in the propagators and thermal masses in the external states. They obtain a different combination of thermal distributions for the particles in the loop. The discrepancy is discussed in detail in reference [21] . The authors of the first reference get a factor 1 − f ℓ ′ + f φ ′ − 2f ℓ ′ f φ ′ for the neutrino decays and f φ ′ − f ℓ ′ − 2f φ ′ f ℓ ′ for the Higgs boson decays due to an erroneous choice of cutting rules in the real time formalism. The correct calculation gives 1 − f ℓ ′ + f φ ′ for the neutrino decays and f φ ′ + f ℓ ′ for the Higgs boson decays. This discrepancy is also responsible for our CP -asymmetry in Higgs decays being a factor ten larger than their result.
A Frequency Sums

A.1 Frequency sums for HTL fermion propagators
In order to deal with the HTL lepton propagator, we derive frequency sums for the propagator parts ∆ ± (K) of a fermion propagator. We write the propagator in the Saclay representation as
where f F stands for a Fermi-Dirac distribution. Since we are only interested in the pole contribution, we write the corresponding spectral density as
where sh in Z sh and ø sh denotes the product of s and h, that is, Z sh = Z + for s = h = −1 for example. We have for the propagator
is the quasiparticle residuum. In dealing with frequency sums of bare thermal propagators, it is very convenient to write
Replacing a boson by a fermion amounts to replacing f B (ω) by −f F (ω). Moreover, calculating a frequency sum of k 0 times the propagators amounts to replacing k 0 with sω as in
where ω = √ k 2 + m 2 and m is the mass of the first boson. The same holds for fermions. It is straightforward to work out the frequency sums for the resummed lepton propagator,
where the other necessary frequency sums can be derived from this by making the appropriate substitutions.
A.2 The frequency sum for the vertex contribution
The frequency sums for the pole part of a HTL fermion propagator is derived in appendix A.1. We calculate the frequency sum of the three propagators in the vertex loop by partial fractioning
We are using ∆ N ′ (P ′ ) = ∆ N ′ (−P ′ ) and
The frequency sum is given by
Summing over all propagator parts and the helicity-over-chirality ratios, we get
The coefficients E ± are given by
and the coefficients F ij read
The factors B N/φ and A ℓ are given by
where the numerators and denominators read
We can write
or, more explicitly,
B Analytic Expressions for the CP -Asymmetries
We simplify the analytic expression for ǫ γ (T ) in equation (35) . For I V in equation (53) we get
where it is sufficient to integrate φ ′ from 0 to π. The difference of the matrix elements reads for the vertex contribution
Correspondingly, the difference in decay rates reads
is the statistical factor for the decay. We know from section 3 that
where g c = 2 indicates that we sum over N → φℓ and N →φl. Thus
where we have summed over the neutrino degrees of freedom. We arrive at
B.2 Self-energy cut
For the self-energy contribution, we get
The difference in decay rates reads
The CP -asymmetry reads
C The Other Cuts
C.1 Imaginary Parts
Vertex cut through {N 2 , φ ′ }
We use the conventions for the vertex contribution in N -decays in section 4. For N N ′ ℓ , we shift integration variables to d 3 q ′ after carrying out the Matsubara sum over k ′ 0 . We consider the angle
between k and q ′ and write
The imaginary part reads
Vertex cut through {N 2 , ℓ ′ } For the N N ′ φ -term, we integrate over k ′ , and choose the polar angle between q and k ′ ,
We write
The imaginary part is given by
C.2 Analytic Expressions for the CP -Asymmetries
We get for
and the CP -asymmetry reads
Vertex cut through {N 2 , ℓ ′ } For N N ′ φ , we get
where we integrate over φ qk ′ and we take the coordinate system differently than for N N N .
D Approximation for the One-Mode Approach at High Temperature
Let us examine the high temperature behaviour of the one-mode approach by calculating the CPasymmetry in the matrix elements of a Higgs boson at rest, where we assume that M 1 , m ℓ ≪ m φ ≪ M 2 . For simplicity, we calculate the self-energy contribution. The integral that corresponds to equation (78) reads
The part that contributes to the imaginary part of the diagram is
where ξ ≡ (kk ′ )/(kk ′ ),
and we have neglected M 1 and m ℓ . We get Im(I 0 I * 1 )
where x ≡ M 2 2 /M 2 1 and k = m φ /2. For simplicity, we make the approximation 
The integral gives
We parameterise m φ as m φ = g φ T and obtain ∆ |M| 2 ≡ |M| 2 − | M| 2 = −8Imλ CP Im(I 0 I * 1 ) = 2
Imλ CP π √ x 1 − x T 2 e −g φ /2 (1 + e −g φ /2 ) .
Using the expression
we arrive at 
Assuming that g φ ≪ 1, we get
Taking g φ = m φ /T ≈ 0.42 for T = 10 12 GeV and using the more accurate term in equation (150), we get ǫ/ǫ 0 ≈ 70, while we get ǫ/ǫ 0 ≈ 90 for equation (151). We view this result as a rough approximation of the value of the CP -asymmetry in Higgs boson decays at high temperature. Both our approximation and the numerical solution of the exact expression in section 4.7 give a factor of 100 difference to the CP -asymmetry in vacuum.
